This paper presents the results of several experimental analyses performed on a biobased sandwich structure. The material studied is made up of thermoplastic skins reinforced by flax fibres and applied to a balsa core. It is produced by a single-step liquid resin infusion process. First, the skin-core interfacial properties were measured and compared with those of the existing materials. Then, several quasi-static and dynamic analyses were performed to study the flexural behaviour of sandwich beams. The elastic and ultimate properties of the skins and core were deduced from these flexural tests. In addition, a failure mode map was developed based on the existing theories to explain the failure modes observed under different boundary conditions. The influence of the statistical spread of the core's mechanical properties on the failure of sandwich beams was considered. Moreover, fatigue analyses were conducted to determine the fatigue resistance of this bio-based structure. Its behaviour was compared with that of the previously tested non-bio-based sandwich beams. Finally, the fatigue loss factor evolution of this structure under several loading ratios was measured and discussed. This study aims to determine some of the main mechanical properties of this material to see whether or not it might be suitable for industrial applications currently using glass fibre reinforced polymer/foam cored sandwich structures.
Introduction
In recent years, bio-based composites have become a subject of interest in composite research and in numerous industrial fields [1] [2] [3] [4] . To reduce the environmental impact while providing high technical properties, the use of vegetal fibre reinforced polymers (VFRP) is being widely studied. Plenty of research work has already proven that such materials may be suitable for industrial applications that currently use glass fibre reinforced polymers (GFRP) [5, 6] . Moreover, thermoplastic composites are also widely being studied because they allow the recycling of composite materials -a significant aspect of the end of life management of traditional thermoset composites. As a consequence, potentially recyclable biobased sandwich structures may be serious contenders to face further industrial challenges. Sandwich materials are usually made of a light core inserted between stiff and resistant skins. This increases the quadratic moment of the structure, resulting in very high stiffness and strength with minimal impact on the mass. Although the number of research projects appears to be smaller concerning biobased sandwiches than bio-based composites, several authors have already studied such materials and revealed interesting physical properties. Mancuso et al. [7] recently presented a flexural analysis of a green sandwich composite of flax fibre reinforced facings and cork core. They discussed the influence of three different manufacturing techniques. Cork appears indeed to be often studied as a core material [8, 9] . One of its main advantages is its ability to absorb energy. Balsa wood is also among the most frequently studied bio-based cores due to its high specific compressive and shear properties [10] [11] [12] . It has often been used in marine applications reinforced with GFRP [13] . Le Duigou et al. [14] have studied a fully bio-based sandwich made of polylactic acid (PLLA)/flax skins and a balsa core manufactured in a single-step thermocompression process. They achieved good mechanical properties and proved that the manufacturing of this material had a lower environmental impact than sandwiches with GFRP skins. Karaduman et al. [15] also studied the flexural properties of a sandwich beam made up of lute/polypropylene (PP) skins and a balsa wood core. The authors emphasised the higher mechanical stiffness and strength of the balsa core compared to polyethylene terephthalate (PET) foam or PP honeycomb cores. In addition to its good specific properties, balsa wood has also been studied and used a lot because of other interesting properties. Kandare et al. [16] have emphasised the interesting fire reaction of a balsa cored structure with skins made of flax/epoxy. Moreover, several studies prove that the use of natural materials in sandwich structures may result in enhanced vibration damping properties [17, 18] .
In this context, the present paper focuses on the experimental quasi-static and fatigue characterisations of a bio-based sandwich structure made up of thermoplastic skins reinforced with flax fibres and a balsa core. This material, manufactured in a single-step liquid resin infusion process, brings new perspectives to the development of potentially recyclable bio-based structures. Thus, several mechanical tests were conducted to determine its main mechanical properties. Some of them were compared to those of traditional non-bio-based materials in order to see whether or not this material would be suitable for applications currently using GFRP/foam core sandwiches.
Experimental program

Materials and manufacturing
The reinforcement used is a 200 g/m 2 dry FlaxTape manufactured by LINEO [19] . It is composed of purely unidirectional technical and elementary flax fibres. The resin used is the innovative ELIUM RT-150 thermoplastic liquid resin produced by ARKEMA [20] . The low viscosity of this resin allows the manufacturing of thermoplastic composites with processes such as resin transfer molding, usually used for thermoset composites. In this study, sandwich structures were produced in a single-step liquid resin infusion process at room temperature, described in a previous work [18] . A typical panel obtained with this process is presented in Figure 1 . BALTEK balsa panels with a density of 150 kg/m 3 were used as the core. To facilitate the resin infusion, balsa panels cut into regular elementary blocks (25 mm Â 50 mm Â 15.9 mm) and assembled on a thin mesh grid were used. The gaps between adjacent blocks facilitate the migration of the resin from the upper to the lower parts. These balsa panels are illustrated in Figure 2 (a). One can remark that these elementary blocks are made up of several pieces of wood, coming from different trees. As a consequence, the core density is locally scattered. To quantify these variations, 50 elementary blocks were randomly extracted, measured and weighed. Figure 2 (b) presents the frequency distribution histogram of these blocks. A Gaussian law with an average value of m = 150 kg/ m 3 and a standard deviation of r ¼ 27, leading to a CoV of 18%, was used to describe this statistical spread. This high local scattering is expected to have consequences on the failure behaviour of this sandwich structure. As a matter of fact, lot of authors [21] [22] [23] [24] have proven that the mechanical properties of balsa wood closely depends on its density because of its cellular microstructure. As a consequence, these authors proposed a correlation between mechanical properties P (such as Young's or shear modulus, failure stresses, etc.) and wood density q with the following form
with C and a determined experimentally. 
Skin core interface strength testing
The skin-core interfacial strength was investigated through flatwise tensile tests performed according to the ASTM C297/C297M [25] 
Flexural tests
To study the flexural behaviour of this sandwich structure, three-point bending tests were performed according to the ASTM C393 and ASTM D7249 [26, 27] standard test methods. First, monotonic tests were performed on two different sets of sandwich beams with a crosshead displacement speed of 5 mm/min. Then, quasi-static cyclic tests were performed to investigate the evolution of permanent damage and beam stiffness. Based on these results, [0] 5 and [0/90] s beams were tested in monotonic three-point bending with different span lengths in their elastic domain in order to determine the main elastic properties of the components, such as the Young's modulus of the skins and the shear modulus of the core. Finally, failure analysis was performed on [0] 5 specimens. The span length varied from 80 to 250 mm. Short beam tests were used to determine the shear strength of the core whereas long beams tests were used to measure the ultimate properties of the faces. Tests were repeated for each boundary condition in order to take into account the dispersion of the results due to the materials and experimental conditions. This experimental program is summarised in Table 1 .
Fatigue tests
To investigate the fatigue behaviour of this sandwich structure, three-point bending dynamic cyclic tests were performed for [0/90] s specimens. Two different span lengths (d ¼ 110 mm and d ¼ 250 mm) were used in order to distinguish the flexural and shear dynamic behaviour. To compare the results with previous analyses performed in the laboratory with non-bio-based glass/epoxy/PVC foam core sandwiches, the fatigue tests were displacement-controlled with a frequency of 5 Hz. Fatigue analyses performed on flax/epoxy composites [28] and balsa cored sandwiches [29] seem to indicate that this frequency is not likely to cause a significant temperature increase in the structure. For the span length d ¼ 250 mm, specimens were loaded with an average displacement D m defined as 50% of the failure displacement under quasi-static monotonic three-point bending tests D R . The amplitude of displacement was then varied in order to increase the loading ratio r defined by
where D max is the maximum displacement applied during the cycle. For the span length d ¼ 110 mm, the average displacement D m was defined as 40% of the failure displacement, in order to avoid early core shear failure. At least three specimens per loading configuration were tested. This experimental program is summarised in Table 2 , which presents the displacement amplitude applied to achieve different loading ratios.
Quasi-static analysis
Interface strength
The quality of the skin-core interface is among the first-order problems in sandwich design. The flexural properties of the complete structure rely on this mechanical connection. For this reason, flatwise tensile tests were performed to measure the interfacial strength of this bio-based sandwich and to compare it to those of existing materials. The experimental load-displacement curves obtained are presented in Figure 3 (a). Satisfactory repeatability is achieved, with failure load scattering that does not exceed 15%. The interfacial failure stress is shown in Table 3 , which compares the results obtained with those of several authors for different kinds of sandwich materials tested in flatwise tension [30] [31] [32] [33] . strength of the Flax/Elium/Balsa sandwich appears to be very promising, compared to PVC foam sandwiches. There may be at least two reasons to justify these good interfacial properties. First, the gaps between adjacent balsa wood blocks, visible in Figure 2 (a), result in a regular pattern of resin inside the core which certainly contributes to the skin-core interface quality. Then, the open cell configuration of the core allows the absorption of a certain amount of resin. Due to the low viscosity of the resin, which can penetrate the larger pores, mechanical anchoring is created between the skins and the core. This phenomenon has been described by Le Duigou et al. [14] by means of X-ray tomography analyses of PLLA/Flax/ Balsa sandwich structures.
Flexural properties of sandwich beams and elastic properties of their components
As sandwich structures are mainly subjected to flexural loadings, different tests were conducted to investigate the flexural behaviour of Flax/Elium/Balsa sandwich beams. First, two sets of [0] 5 and [0/90] s beams were tested in three-point bending with a span length of 250 mm. Figure 4 (a) presents the force-displacement curves obtained.
[0] 5 specimens appear, as expected, stiffer and more resistant due to the higher mechanical properties of the faces. Moreover, the linear elastic domain seems more pronounced. On the contrary, [0/90] s specimens exhibit a shorter elastic domain followed by a nonlinear behaviour. Figure 4 (b) presents the force-displacement curves obtained for both specimens tested in quasistatic cyclic loading. Based on these results, the evolutions of the stiffness and the permanent displacement with the number of cycle were measured. These evolutions are presented in Figure 5 . It is worth noting that for both types of specimen, a permanent displacement is observed after the second cycle, associated with a stiffness decrease. This results from the appearance and increase of damage mechanisms in the structure. The irreversible displacement measured may also be attributed to the plastic behaviour of the Flax/Elium thermoplastic composite skins. Based on these results, an elastic analysis was performed on these two different sets of sandwich beams to determine the main mechanical properties of the skins and core. Under three-points bending loadings, the relation between the applied load P and the deflection W is given by where d is the span length, and D and N the flexural and shear rigidity of the beam. Considering a symmetrical sandwich cross section, we have
with E f and E c the Young's modulus of the skins and the core, t f and t c their respective thickness, h ¼ ðt f þ t c Þ, D f the bending stiffness of the faces about their individual neutral axes, D 0 the bending stiffness of the faces about the middle axis and D c the bending stiffness of the core. Considering the thin face and weak core approximations, respectively given by
The flexural rigidity D and shear rigidity N per unit of width of the beam can be simplified
Then, the span length was varied from 110 to 300 mm and the beams were tested in their elastic domains. Figure 6 fitted by a linear equation. According to equation (3), it is possible to deduce the equivalent flexural rigidity D from the slope of the linear fitting, and the shear rigidity N from the intercept. As a consequence, the Young's modulus of the Flax/Elium skins and the shear modulus of the balsa core were deduced using equation (6) . The results are presented in Table 4 . The Young's modulus of the skins measured for both sets of specimens are very close to the Young's moduli of unidirectional and [0/90] s Flax/Elium laminates measured in previous studies [18, 34] . On the other hand, the shear modulus of the core appears to be 25% higher than the modulus announced by the manufacturer and measured according to ASTM C273 test method [35] . This may be explained by the contribution of the skins' shear properties, as well as a contribution of a certain amount of resin trapped in the core, particularly in the gaps between adjacent balsa blocks. Figure 6 (b) presents a comparison of the experimental results with the analytical theory presented in the previous section. A satisfying correlation is achieved for both specimens.
Failure analysis
To determine the flexural and shear ultimate properties of the sandwich beams, monotonic three-point bending tests were performed on [0] 5 specimens with different span lengths. At least five beams were tested to failure for every boundary condition. A high-speed digital camera was used to record the failure of every specimen and identify the failure modes. Depending on the span length, two major failure modes were identified. For the longest beams, a compressive failure of the upper skin was observed, whereas for the shortest beam, a core shear failure of the core occurred. These failure modes are illustrated in Figure 7 . In some cases for the shortest span length, local indentation of the core was observed below the upper span. These specimens were ignored for the rest of the analysis. Then, the compressive failure stress r pc of the upper skin was estimated by
where t s is the global thickness and b the width of the beam. Moreover, the core shear stress s c was calculated using
The results obtained are presented in Table 4 . Moreover, the failure stresses measured for every specimen, normalised by the average compressive or shear failure stress are shown in Figure 8 . This figure also indicates the failure mode observed. It is worth noting that the statistical spread of the results seems to decrease with the increase of the span length. Thus, for the shortest beams, the core shear failure stress strongly depends on the mechanical properties of the balsa wood block in which failure occurs. However, for the longest beam, the compressive strength of the Flax/Elium composites appears to be more stable. Nevertheless, the statistical spread observed is greatest for the particular span length d ¼ 150 mm. In this case, core shear failure or skin compressive failure are randomly observed.
To understand that, a failure mode map corresponding to the [0] 5 sandwich eam was designed. This approach, described by Gibson and Triantafillou [36] for foam core sandwiches, consists in determining the transition equations between different possible failure modes. It has been adapted by various of authors for numerous loading cases [37, 38] . Considering a general flexural load case, the maximum bending moment M and the maximum transverse load T can be expressed by [39] 
where k M and k T depend on the boundary conditions. In three-point bending, k M ¼ 1=4 and k T ¼ 1=2. For a cellular core, with mechanical properties depending on its density, one can express its main mechanical properties as follows
where C E , C G , C s , m and n can be determined experimentally. Then, the ultimate loads corresponding to the main failure modes existing for sandwich beams can be expressed
Compressive failure of upper skin :
Face buckling :
Equating these loads gives the transitions between these possible failure modes. For example, the transition between failure due to stretching or compression of the skin and core shear is given by
Thus, the failure modes map corresponding to a [0] 5 sandwich beam loaded in three-point bending is plotted in Figure 9 . The experimental parameters used are given in Table 4 . The material constants introduced in equation (10) were set as follows: C E ¼ 0.35, C G ¼ 1.4, C s ¼ 0.02 and m ¼ n ¼ 1, according to the experimental results proposed by Borrega et al. [21] and Da Silva et al. [22] . The different specimens tested experimentally were added to this map. The vertical bars represent the core density statistical dispersion, according to the Gaussian parameters measured in the 'Experimental program' section and with 95% of certainty. This analytical study confirms that for the particular span length d ¼ 150 mm, the beam tested experimentally is located precisely at the border between core shear failure and compressive failure of the upper skins. One can conclude that both modes are observed randomly because of the dispersion of the core density, resulting in a dispersion of the core mechanical properties. In conclusion, this approach appears to be an efficient way for sizing such balsa wood cored sandwiches. The local variation of mechanical properties can be taken into account with the simple knowledge of the statistical dispersion of the balsa blocks' density. Higher accuracy in determining the failure mode borders could probably be achieved by considering the elastic and ultimate properties of balsa wood filled with Elium resin. However, this would require a considerable amount of experimental work. 
Fatigue properties
The fatigue flexural behaviour of [0/90] s Flax/Elium/Sandwich beams was also investigated. Fatigue tests were performed to determine the lifetime of this structure under different loading ratios and to compare this structure to GFRP/foam cored sandwiches. In this case, two different span lengths were used, d ¼ 110 mm and d ¼ 250 mm, in order to analyse the shear and flexural properties of the beams.
Fatigue behaviour
First, the evolution of the mechanical properties of the beams with the number of cycles was studied. Figure 10 presents typical evolutions of the maximum load F max applied, with the number of cycles, normalised by the initial maximum load F 0 , for both sets of specimens and for different loading ratios. In both cases, the F max /F 0 ratio follows a semi-logarithmic linear decrease which can by expressed by
where B is the degradation rate and N the number of cycles. This corresponds to a rapid initial loss of mechanical properties during the first 100 cycles, followed by a progressive evolution of the damage mechanisms. This behaviour is commonly observed for sandwich structures with GFRP skins and foam cores [40, 41] . It is worth noticing that whatever the loading ratio, the beams tested with d ¼ 110 mm present a higher degradation rate and fail earlier than beams tested with a span length d ¼ 250 mm. This indicates that this sandwich structure is more easily damaged under shear loadings. Failure modes of broken specimens were also analysed. As observed during the quasi-static flexural analysis presented in the 'Quasi-static analysis' section, short beams exhibited core shear failure, whereas long beams presented compressive failure.
End-of-life analysis
For both sets of specimens, endurance diagrams were plotted to determine the end of life according to an N 10 criterion for different loading ratios r. This criterion is satisfied when a 10% decrease in the maximum applied load is observed. Figure 11 is more pronounced for short beams. As a matter of fact, the correlation coefficient r 2 appears to be 20% lower. The statistical spread of the mechanical properties of the core may explain this phenomenon. Moreover, the number of cycles to failure according to the N 10 criterion appears smaller for short beams. The magnitude of the linear fitting's slope corresponding to the span length d ¼ 110 mm is indeed 50% greater, indicating a higher degradation rate. This confirms that this material is more damaged when the core is subjected to shear loadings. Then, considering that the W€ ohler curves can be fitted by an expression such as the one presented in equation (15), the value j1=Bj was used to compare the fatigue properties of the Flax/Elium/Balsa beams tested with a span length of 250 mm to those of non-biobased beams tested in the same experimental conditions [42, 43] . The geometrical and material properties of the sandwich beams considered are presented in Table 5 . Figure 11 (b) presents this comparison. The j1=Bj ratio is the smallest for the Flax/ Elium/Balsa beams, indicating a higher degradation rate for this bio-based material. Nevertheless, the fatigue properties of these materials remain of a comparable order (less than 7% of difference compared to material B). Moreover, this difference could be offset by the potential mass reduction and reduced environmental impact of the Flax/Elium/Balsa sandwich material. This leads us to conclude that this material would be suitable for some applications as an additional option to GFRP/PVC foam cored sandwich structures.
Energy analysis
The previous experimental tests were used to study the energy dissipation capacity of this sandwich structure under different loading ratios. During the fatigue tests, the hysteresis cycles were analysed. Considering the hysteresis cycle illustrated in Figure 12 , composed of 2n experimental points, one can express the maximum potential energy E p applied to the system as
This corresponds to the total area under the force-displacement curve corresponding to the loading phase of the hysteresis cycle. Moreover, the elastic energy E r is given by the area under the curve corresponding to the unloading phase which can be calculated by
Thus, the energy dissipated by the material E d and corresponding to the area of the hysteresis cycle is given by
Finally, the loss factor g is calculated by Figure 13 presents the evolution of the fatigue loss factor g for the sandwich beams tested with a span length d ¼ 110 mm and d ¼ 250 mm, and for three different loading ratios r (60%, 65% and 70%). The results obtained for the span length d ¼ 110 mm appear more scattered, probably due to local variations in the mechanical properties of the core. However, it is possible to conclude that the loss factor globally decreases with the increase in loading ratio. The opposite trend can be noticed for the span length d ¼ 250 mm. These effects of the vibration amplitude and beam aspect ratio were also mentioned by Ganapathi et al. [44] . The authors performed numerical analyses on sandwich beams with different core properties and aspect ratios. They concluded that an increase in the amplitude of vibration implies a decrease in the loss factor, which is much more pronounced for the smallest aspect ratios. However, for sandwich beams with higher core shear properties, the opposite tendency was observed for the higher aspect ratios.
For both span lengths, a similar evolution in the loss factor with the number of cycles can be seen. During the first hundred cycles, a rapid decrease in the loss factor can be observed whatever the loading configuration. For traditional cellular cored sandwich material, this phenomenon is often attributed to the first damage mechanisms in the core. Due to the appearance and propagation of microcracks, part of the air trapped in the cells is evacuated and no longer contributes to overall damping [45] . The loss factor evolution then becomes more stable for both span lengths. Finally, increasing trends can be noticed. This increase starts earlier for the higher loading ratios. It may be attributed to a global increase in the damage mechanisms, dissipating more energy due to friction phenomena. However, additional experimental investigations are required to fully understand the evolution of damages during fatigue tests. For example, acoustic emission technique could certainly provide additional information on the damage mechanisms occurring in the facings and in the core.
Conclusion
This work focuses on the experimental analysis of the static and dynamic flexural properties of a bio-based sandwich material made of thermoplastic skins reinforced by flax fibres and a balsa core. This structure is produced by a single-step liquid resin infusion process, an interesting perspective in the manufacturing of potentially recyclable bio-based composite structures. First, the quality of the skin/ core interface was investigated. Flatwise tensile tests revealed good interfacial strength compared to existing GFRP/foam core sandwiches. This interesting property was attributed to the use of a low-viscosity resin with an open-cell balsa wood core made of assembled elementary blocks. Preliminary analyses performed in the core revealed a dispersion of the mechanical properties described by a Gaussian law. In addition, quasi-static and cyclic three-point bending tests were performed to determine the elastic and ultimate properties of the skins and the core. Sandwich beams were tested with different span lengths in order to analyse the flexural and shear response of the structure. High scattering of the failure load was observed for a specific span length, corresponding to the transition between a core shear failure mode and a compressive failure mode of the upper skin. As a consequence, a failure mode map was designed based on existing theories and taking into account the dispersion of the mechanical properties of the core. This approach seems promising for sizing this kind of structure. In addition, the fatigue behaviour of this material was studied under three-point bending. The fatigue performances appear slightly lower than those of GFRP/foam cored sandwiches, but remain comparable. One can conclude that this material would be suitable for some semistructural applications currently using GFRP/foam sandwich structures and subjected to fatigue loadings. The evolution of the loss factor with the number of cycles during fatigue cycles was also studied, revealing interesting damping properties for the first cycles. Additional experimental tests, involving non-destructive methods such as the acoustic emission technique, could probably help to determine more precisely the relation between damage evolution and loss factor evolution.
